NASA is continuing to develop over-the-rotor acoustic liners for turbofan applications. A series of low Technology Readiness Level experiments were conducted to better understand the acoustic and aerodynamic effects of these acoustic liners. The final experiment included the evaluation of four acoustic casing treatment concepts and two baseline configurations in an internal flow axial compressor facility with a 1.5 pressure-ratio high-bypass turbofan rotor. An inlet in-duct array was utilized to extract sound power levels propagating forward from the turbofan rotor. The effect of a circumferentially grooved relative to a hardwall fan case was found to reduce the in-duct sound power level by about 1.5dB for frequencies less than 2kHz while increasing noise from 4 to 8kHz by as much as 7.5dB at low fan speeds. The four acoustic treatment concepts were incorporated into the bottoms of the circumferential grooves and found to provide an additional 1 to 2dB sound power level reduction under 2kHz. The sound power level reduction was found to be even greater, 2.5 to 3.5dB, when evaluating the reduction on rotor alone duct modes (co-rotating modes). The acoustic treatments also appeared to reduce multiple pure tone noise at transonic fan speeds. Depending on the acoustic treatment concept, the high-frequency noise created by the circumferential grooves was reduced by 1.5 to 5 dB. The total noise reduction from acoustic treatments embedded into the bottoms of circumferential grooves relative to a hardwall baseline was found to be 2.5 to 3.5dB sound power level. The sound power level reduction for rotor alone (co-rotating) modes was found to be 3.5 to 4.5dB. These results show the potential for significant turbofan noise reduction by incorporating acoustic treatments over-the-rotor. 
and empty 1" deep chambers, one with a ¼" perforate thickness and 1" deep empty chamber, one matching the empty chamber geometry with 80ppi 8% FeCrAlY metal foam in the chambers, and one with fins in the chambers to provide expansion of high amplitude pressure waves. The treatments were segmented into ½" width chambers, but repeated circumferentially around the duct. The peak attenuation for each of the acoustic treatments was measured between 2000 Hz to 2500 Hz. While all of the grooved fan cases had a hot tip clearance just under 0.020", the hardwall baseline hot tip clearance was 0.038". 
D. Inlet In-duct Array Instrumentation
While the internal flow facility is adequate for fan performance measurements, traditional far-field acoustic measurements cannot be obtained. In order to obtain insight into the acoustic performance of fan model hardware an inlet in-duct array was designed and fabricated to measure in-duct acoustic levels in the W-8 facility. The array, shown in Fig. 5 , has 128 potential sensor locations arranged in two axial arrays with a ½" axial spacing, and a circumferential array with a 4°spacing, at a constant diameter of 22 in. The circumferential array is located about 24" upstream from the fan. The long axial array spans from about 24" to 10" upstream of the fan. For the testing described, a subset of 85 sensors containing half of the circumferential array and both axial arrays were utilized [10] . The sensors used were Kulite® XCS-133-093-25A pressure transducers with a 25 psia range. The sensors were installed into 1/8 in. stainless-steel tubes and then installed into nylon adapters. The Kulite® pressure transducers were calibrated with a Brüel & Kjaer Multifunction Acoustic Calibrator (Type 4226) generating a Sound Pressure Level (SPL) of 114 dB at 1kHz. 
E. Test Execution
Data was obtained at nine fan operating conditions chosen to correspond with those used in prior tests [5, 8] . These conditions are on the nominal operating line with corrected fan speeds and corrected mass flows shown in Table 1 . For each condition, the Mach number over the in-duct array was calculated from static pressure measurements in the array case. The fan inlet Mach number was then calculated using the area change between the array and the fan leading edge and assuming uniform flow. Fan inlet axial Mach number combined with the tangential Mach number based on fan rotation speed at the blade tip were used to calculate a fan tip Mach number. The fan is subsonic up through 80% speed and supersonic from 87.5% to 100% speed. Prior to obtaining acoustic measurements, fan exit aerodynamic instrumentation were removed to prevent unwanted noise sources.
III. In-duct Array Data Processing and Validation
In this section, a methodology for processing the W-8 inlet in-duct array acoustic data to extract sound power level differences is presented. Since this test was the first use of an inlet in-duct array for acoustic measurements in the W-8 facility, data repeatability and validation with comparisons with existing data are shown.
A. Acoustic Data Processing
The inlet in-duct array acoustic data was obtained by recording 10 seconds of data at sample rate of 96 kHz for each condition in Table 1 . The time-series data were interpolated to adjust the sample rate for speed of sound variations with a cubic spline interpolation. This interpolation accounts for day-to-day speed of sound variations to align the resultant spectra based on wavenumber. The data was then decimated by a factor of 2 and cross-spectral matrices were calculated with 2048 sample windows to give a frequency bin width of 23.4 Hz. The result of the time-series interpolation is in an 
The cross-spectral matrices are then processed using OptiNav Inc.'s Beamform Interactive. A detailed description of the processing is provided by Dougherty [11] . For each corrected frequency, the cross-spectral matrix is processed with steering vectors and Quantitative Beamforming to a 2D grid of spinning order (m) versus axial wavenumber (k x /k 0 ). The vertical axis is converted from axial wavenumber (k x /k 0 ) to cuton ratio (α) [12] with Eq. 
The result of this processing is a map of duct modes and their sound power level at each frequency. This allows for the in-duct sound field to be decomposed to evaluate the impact of treatments on a subset of the measured duct modes. A sample mode map is shown in on the left of Fig. 6 . The modes from the top half of the map (0 > α ≥ 1), refer to aft propagating modes, while the bottom half (−1 ≥ α > 0), refer to forward propagating modes. Positive spinning modes (m > 0) are co-rotating with the fan, and negative spinning modes (m < 0) are counter-rotating, and plane waves are found at m = 0. By integrating the sound power in a subset of the mode map at each frequency, we can determine the relative contributions of duct noise sources. This modal decomposition is shown on the right of Fig. 6 for the hardwall configuration at 50% fan speed. The total power is dominated by forward propagating power, therefore, facility inlet noise is not a concern at frequencies less than 10 kHz. Plane waves are dominant at frequencies under 800 Hz since only plane waves are cut-on at low frequencies. Between 100 Hz and 3500 Hz, the total power spectrum is a combination of co-rotating and counter-rotating duct modes. Above 3500 Hz, the total in-duct sound power level is dominated by forward propagating and co-rotating modes. By subtracting treated configuration sound power levels from hardwall configuration mode sound power levels, treatment effectiveness can be evaluated on a modal basis. 
B. In-duct Modal Sound Power Repeatability
The groove only configuration was tested towards the beginning of testing and repeated towards the end of testing (about a month apart). The repeat was included to give a qualitative assessment of the repeatability of set point conditions, fan case installation, and their impact on the measurement of the inlet in-duct sound field. The repeatability of inlet in-duct sound power level for the fan conditions in Table 1 is shown in Fig. 7 . The repeatability of in-duct PWL measurements is within ± 1dB with a few exceptions; very low frequency (150Hz) noise at the 61.7% speed condition, and high frequency (10kHz) MPT noise at 95% speed. This provides confidence in the measurement of sound power level differences greater than 1dB. 
C. Source Diagnostic Test (SDT) Rotor Alone Nacelle (RAN) Comparison[13]
The Source Diagnostic Test (SDT) in the 9x15 Low Speed Wind Tunnel at NASA GRC included a Rotor Alone Nacelle (RAN) configuration to measure rotor alone noise separate from that of the rest of the propulsor [8] . This test utilized the same 22" diameter R4 turbofan rotor used for the acoustic casing treatment testing in W-8. During this test, inlet in-duct acoustic data were acquired on a ½ circle array of 60 equally spaced sensors a few inches upstream from the fan [13] . Although there are geometry differences between RAN flight inlet and W-8 inlet bellmouth, the rotor noise sources should be similar.
A sound pressure level (SPL) spectral comparison of the average in-duct sensor from the SDT RAN test and the W-8 test is shown in Fig. 8 . Background exhaust noise was discovered (two broadband humps around 800Hz and 4000Hz) in W-8 by running the rig with and without the exhaust throttle valve choked. The exhaust noise was subtracted from the W-8 baseline data to give the solid blue line. The most notable difference is that the Blade Passing Frequency (BPF) tones are cut-on and broad in the W-8 data, while they are not cut-on in the SDT RAN data. This is believed to be due to the boundary layer turbulence length-scale differences (and their interaction with the fan) between the W-8 straight bellmouth and a flight inlet [14, 15] . While rotor blade sources should appear in a co-rotating spinning mode at the blade count, turbulence rotor interaction can cut-on lower order modes. Overall, the sound pressure levels are about 3dB louder in W-8 from 250Hz to about 6.5kHz. At high frequencies, the W-8 data rolls off quicker due to an anti-aliasing filter applied to the W-8 data with a cut-off frequency of 8.4 kHz. The spectral similarities, aside from the cut-on BPF tones, give confidence that the correct rotor alone noise sources are being measured in W-8. A modal SPL comparison between the SDT RAN and W-8 arrays at the 61.7% speed condition is shown in Fig. 9 . The modal comparison was created by taking the 2-D Discrete Fourier Transform of the inlet circumferential array [16] with diagonal deletion in the cross-spectral matrices [17] . The appearance of sound in cut-off modes in the SDT RAN data at low frequencies (wavelengths less than ½ fan diameter) is believed to be due to the closeness of the SDT RAN array to the fan (a few inches). Over this distance cut-off modes have not had the required length to decay. When measured by the W-8 array (about 1 fan diameter upstream from the fan) they have decayed. The other notable difference is that the W-8 BPF tones are cut-on. Rotor alone noise is dominated by co-rotating modes near the cut-on boundary.
IV. Noise Reduction Results
The impact of circumferential grooves and acoustic treatments over-the-rotor are evaluated by comparing the differences in measured in-duct sound power levels between the fan case configurations tested, as depicted in Fig. 2 . If we assume the effects are independent, the impact of circumferential grooves and acoustic treatment can be evaluated separately and then combined to evaluate the net benefits. The difference between the hardwall fan case and one with circumferential grooves is evaluated to determine the effect of circumferential grooves on in-duct sound power levels. Unfortunately, there was also a tip clearance difference between these two fan cases. The effect of this tip clearance difference alone is approximated with far-field low speed wind tunnel data [7] . Then, the impact of acoustic treatments is determined by evaluating the difference in in-duct power levels from the circumferentially grooved case from the circumferentially grooved fan cases with acoustic treatments. The results are presented as contour maps of 1/12 octave in-duct sound power level for the conditions in Table 1 from 100 Hz to 10 kHz. Finally, the total noise reduction is evaluated as the combination of the groove effect and treatment effect. (a) SDT RAN [13] (b) W-8 Background Subtracted 
A. Effect of Tip Clearance
In 2002, the Source Diagnostic Test Rotor Alone Nacelle configuration was tested in the 9x15 Low Speed Wind Tunnel at NASA Glenn Research Center to determine the impact of varying rotor tip clearance [7] . Far-field acoustic data were obtained with nominal (0.000"), 0.020", and 0.030" tip clearances and presented as sound power levels integrated over all observer angles. The far-field acoustic effect of a larger tip clearance was found to be as high as 2dB sound power level. Since inlet and aft rotor alone noise were included in this assessment, the data were reprocessed to extract only inlet radiated power levels to evaluate the impact on forward radiated noise. The effect of the tip clearance difference is defined in Eq. 3. Fig. 10 shows the effect of a decrease from 0.030" to a nominal (0.000") tip clearance on inlet radiated 1/12 octave sound power level. The 0.030" tip clearance fan case generates approximately 1dB PWL more than the nominal fan case at frequencies greater than 2 kHz and at fan speeds less than 70%. The tip clearance difference causes a slight change to the onset of multiple pure tone (MPT) noise at the 85% speed, but is otherwise a relatively small effect.
B. Effect of Circumferential Grooves
The effect of circumferential grooves is evaluated by examining the difference between in-duct sound power levels between the circumferentially grooved fan case and the hardwall fan case. Since there is a tip clearance difference between these two fan cases, a 1dB reduction in noise above 2kHz for fan speeds under 65% is expected. The effect of circumferential grooves is defined in Eq. 4. The effect of both circumferential grooves and tip clearance is shown in Fig.  11 . Circumferential grooves appear to reduce in-duct sound power levels by about 1.5dB between 1-2kHz at fan speeds under 77.5%. The largest effect of circumferential grooves appears to be an increase of up to 7dB PWL around 3xBPF and 4xBPF. This increase is largest at the lowest speed tested (50%) and reduces as fan speed increases to 77.5% where it no longer exists. The effect of circumferential grooves on MPT noise is relatively small. 
C. Acoustic Treatment Noise Reduction
The impact of adding acoustic treatment to the bottoms of circumferential grooves is evaluated by subtracting the measured in-duct sound power level of a treated fan case from the groove only baseline fan case as shown in Eq. 5. The resultant noise reduction in 1/12 octave bands for the fan conditions in Table 1 is shown in Fig. 12 . Each of the acoustic treatments showed 1-2dB PWL reduction in forward propagating modes from 500 Hz to 1500 Hz. The frequency of peak reduction decreases with increasing fan speed. The treatments provided broad noise reduction, except for the thick perforate treatment which provided a higher peak noise reduction but over about half the frequency range. The increase in noise (up to 7dB) around 2xBPF and 3xBPF due to the circumferential grooves was reduced by the treatments by 1-5dB. While the thick perforate treatment provided the greatest peak reduction, it had very little impact on the additional circumferential groove noise. Above 87.5% speed, the in-duct sound power spectrum is dominated by multiple pure tones (MPTs). When the fan tip speed is sonic, MPTs appear between BPF tones and increase in strength as fan speed continues to increase. The tones are centered at ½ BPF and its harmonics. The treatments appear to delay the onset of these tones at the 95% speed resulting in a reduction of as much as 5dB for the empty chamber treatment, while increasing the 1xBPF and 2xBPF tones by about 1.5dB. Since rotor alone noise is dominated by co-rotating modes, the data was processed to extract the noise reduction in co-rotating modes for the four treatments. The reduction in co-rotating duct modes for each of the four acoustic treatments is shown in Fig. 13 . The reduction in co-rotating modes is about 2-3dB, or 1dB greater than the reduction to all forward propagating modes. 
D. Total Noise Reduction
In order to evaluate the expected noise reduction from adding an over-the-rotor acoustic casing treatment to a conventional fan, the combination of the casing treatment effect and acoustic treatment effect, as defined in Eq. 6, should be considered. Circumferential grooves were found to reduce noise between 1-2kHz by up to 1.7dB, while increasing noise around 2xBPF and 3xBPF by up to 7.6dB. Both of these effects are greatest at the lowest speeds and diminish as fan speed is increased. The acoustic treatments were effective at reducing the PWL of co-rotating modes by 2-3dB, as well as reducing the circumferential groove noise by 1.5-5dB. The effects result in a total noise reduction of 2.6-3.6dB to forward propagating modes (and 3.5-4.6dB to co-rotating forward propagating modes). The resultant circumferential groove noise remains between 2.6 and 6.1dB around 2xBPF and 3xBPF at low fan speeds. 
V. Conclusion
NASA has continued development of advanced acoustic liners by completing a series of tests to better understand the effects of over-the-rotor acoustic liners. The final of these tests was a Technology Readiness Level (TRL) 3 test of four acoustic casing treatment concepts and two baseline configurations in the W-8 Single Stage Axial Compressor Facility at NASA GRC. The test utilized the R4 turbofan rotor in a rotor alone configuration. An inlet in-duct array was utilized to extract in-duct sound power levels from the internal flow facility. The array data was processed to decompose the inlet sound field into modal sound powers for the further evaluation of acoustic treatment effects.
Since this was the first time acquiring acoustic data in the W-8 facility, the measurements were validated with Source Diagnostic Test (SDT) Rotor Alone Nacelle (RAN) inlet array data. The in-duct sound pressure levels compared well with a few exceptions; blade passing frequency tones were cut-on in W-8, and the presence of background exhaust noise in the W-8 facility (when the exhaust flow is subsonic).
Acoustic analysis of the fan case configurations tested were used to extract the effect of circumferential grooves from the effect of acoustic treatments placed at the bottoms of circumferential grooves. There was a tip clearance difference between the hardwall and grooved fan cases. The impact of this tip clearance difference was quantified with data from an earlier tip clearance study of the far-field impact of tip clearance on this fan. The circumferential grooves were found to reduce noise over the frequency range from 1-2kHz by up to 1.7dB PWL while increasing noise around 2xBPF and 3xBPF by up to 7.6dB PWL at low fan speeds. At higher fan speeds, the circumferential grooves had very little impact. The acoustic treatments incorporated at the bottoms of the circumferential grooves provided an additional 1 to 2dB PWL (or 2-3dB PWL reduction in co-rotating modes) from 500Hz to 1500Hz. The treatments reduced the circumferential groove noise by 1.5-5dB depending on the treatment. At supersonic fan speeds, the treatments appear to have delayed the onset MPTs resulting in PWL reduction of 5dB around ½ BPF, while increasing the BPF tone level by about 1.5dB PWL.
The net benefit of acoustic treatments with circumferential grooves installed over-the-rotor was measured to be about 2.5-3.5dB reduction in forward propagating modes, and a 3.5-4.5dB reduction in co-rotating (rotor alone) modes. In addition to the noise reduction at low frequencies, a noise increase from the circumferential grooves around 2xBPF and 3xBPF was reduced by the acoustic treatments but left a 2.5-6dB penalty between 4-8kHz.
The results from this test show the potential for significant turbofan noise reduction from the inclusion of over-therotor acoustic casing treatments. The understanding gained from this series of testing culminating in the TRL 3 test on a high bypass turbofan rotor gives confidence in our ability to adjust treatment designs to target frequencies that maximize effective perceived noise level (EPNL) benefit on a specific application. However, more investigation is required to understand the additional high frequency noise caused by the circumferential grooves.
